It is illustrated how LHC precision measurements of rates and distributions in single-Higgs production can be used to constrain the charm Yukawa as well as the Higgs trilinear coupling.
where D µ is the SU (2) L ×U (1) Y covariant derivative, H is the Higgs doublet, the subscripts L, R denote the chirality of fermionic fields and y f are the corresponding Yukawa couplings. What do we know about the above interactions? From the ATLAS and CMS combination of the LHC Run I measurements of the Higgs boson production and decay rates, 1 it follows that the gauge-Higgs interactions, as encoded in the term |D µ H| 2 , are at the level of O(10%) SMlike. The Yukawa interactions y ffL Hf R + h.c., on the other hand, have been tested with this accuracy only in the case of the tau lepton, while the constraints on the top and bottom Yukawa couplings just reach the O(20%) level. Apart from the muon Yukawa coupling which is marginally constrained by the combined ATLAS and CMS analysis, first and second generation Yukawa couplings are not directly probed at present. In the case of the Higgs potential V , we know the vacuum expectation value (VEV) of H for a long time, and the discovery of a spin-0 CP-even state of m h 125 GeV at the LHC tells us about the second derivative of V around its VEV, as this quantity determines the Higgs mass. The trilinear and quartic Higgs self-interactions that result from (1) are however essentially untested at the moment.
In the following it will be shown that LHC precision measurements of rates and distributions in single-Higgs production can be used to constrain some of the presently poorly known Higgs interactions terms appearing in (1) . The two explicit examples that we will discuss in some detail are the charm Yukawa coupling and the Higgs trilinear coupling.
Charm Yukawa coupling
It has been common lore 2 that extractions of y c can only be performed with a few-percent uncertainty at an e + e − machine such as the ILC. 3 Gaining direct access to y c is however not hopeless, since in its high-luminosity run the LHC (HL-LHC) will produce around 1.7·10 8 Higgses bosons per experiment with 3 ab −1 of integrated luminosity. 4 In fact, several different strategies have been proposed to constrain modifications κ c = y c /y SM c . A first way to probe κ c consists in searching for the exclusive decay h → J/ψγ. 5, 6, 7 While reconstructing the J/ψ via its dimuon decay leads to a clean experimental signature, the small branching ratio of 1.8 · 10 −7 , implies that only 30 signal events can be expected at each ATLAS and CMS. This makes a detection challenging given the large continuous background due to QCD production of charmonia and a jet faking a photon. 8, 9 The process h → ccγ can also be used to bound κ c and the constraining power has recently been found to be at least comparable to that of h → J/ψγ. 10 Strategies with larger signal cross sections are pp → V cc where V = W, Z, 9,11 the pp → hc 12 channel and gg → h → cc. 13 These searches rely on charm tagging (c-tagging). Since c-tagging algorithms at ATLAS and CMS are currently inefficient, bottom jets cannot be discriminated perfectly from charm jets so that the latter modes not only measure κ c , but certain linear combinations of κ c and
Notice that despite its lower acceptance in pseudorapidity, LHCb has recently also obtained a first limit on pp → V cc, 14 and hence in the long run might be able to set relevant bounds on the modification κ c as well.
Another independent procedure to constrain κ c , 16 that does not suffer one of the aforementioned limitations, is based on the observation that the cross section in gluon-fusion Higgs production provides sensitivity to κ t = y t /y SM t and κ b through the interference of top and bottom loops 1 σ (gg → h) ∝ 1.06κ
Such interference effects appear not only in the total rate, but in all gg → hj distributions such as the transverse momentum p T,h of the Higgs boson. In fact, these contributions are dynamically enhanced by logarithms 15 of the form
If instead the Higgs is produced in gQ → hQ, QQ → hg, the resulting leading order (LO) differential cross section scales as κ 2 Q , with an additional suppression factor of O(α s /π) for each initial-state seaquark parton distribution function which is generated from gluon splitting. Due to the different Lorentz structure of the amplitudes in the m Q → 0 limit, the gg → hj and gQ → hQ, QQ → hg processes do not interfere at O(α 2 s ). This ensures that no terms scaling linearly in κ Q are present in the gQ → hQ, QQ → hg channels at this order.
Since the gluon-fusion and quark-initiated processes lead to different p T,h distributions, the two Higgs production mechanism can be experimentally disentangled. This feature has been exploited to set constraints on y b,c,s 16 as well as y u,d . 17 In particular, it has been shown that in the case of the bottom and charm Yukawa couplings both the effects linear and quadratic in κ b,c can be phenomenologically relevant, while in the case of the light quarks only terms proportional to κ 2 s,u,d matter. Since the deviations of the p T,h spectrum amount to only several percent for O(1) modifications of κ b,c as expected from (2) , precise theoretical predictions for the gg → hj and gQ → hQ, QQ → hg channels are needed to derive faithful bounds on the bottom and charm Yukawa couplings. In the case of gg → hj, next-to-leading order (NLO) corrections to the spectrum in the Higgs effective field theory (HEFT) 18, 19, 20 are included using MCFM. 21 The total cross sections for inclusive Higgs production are obtained from HIGLU, 22 taking into account the next-to-next-to-leading order (NNLO) corrections in the HEFT. 23, 24, 25 Sudakov logarithms of the form ln (p T,h /m h ) are resummed up to next-to-next-to-leading logarithmic order. 26, 27, 28 The gQ → hQ, QQ → hg contributions to the p T,h distribution are calculated at NLO with MG5aMC@NLO. 29 The theoretical uncertainties obtained in this way amount to around ±5% 16 and could be improved by taking into account recent theoretical developments in gg → hj 30, 31, 32 and gQ → hQ, QQ → hg. 33 Since non-perturbative corrections to the p T,h distribution are not larger than ±2% in the region of moderate p T,h , 16,34 the theoretical predictions can be expected to reach an accuracy of a few percent in the not too far future.
In order to derive the current constraints on κ b and κ c , we harness the normalised p T,h distribution in inclusive Higgs production. 35 This spectrum is obtained by ATLAS from a combination of h → γγ and h → ZZ * → 4 decays and based on 20.3 fb
In our analysis, we include the first seven bins in the range p T,h ∈ [0, 100] GeV whose experimental uncertainty is dominated by the statistical error. In the left panel of 
As can be seen from Table 1 , this limit is significantly stronger than the existing bounds on the charm Yukawa coupling from h → J/ψγ and pp → V cc. It is also more stringent than the limit |κ c | 130 following from the measurements of the total Higgs width, but it is not competitive with the bound |κ c | 6.2 that derives from a global analysis of LHC Run I Higgs data. 11 We study two benchmark cases to demonstrate the LHC prospects of extracting κ c through analyses of the p T,h spectrum. Our LHC Run II scenario employs 0.3 ab −1 of integrated luminosity and assumes a systematic error of ±3% on the experimental side and a total theoretical uncertainty of ±5%. This means that we envision that the non-statistical uncertainties present at LHC Run I can be halved in the coming years, which seems plausible. Our HL-LHC scenario instead uses 3 ab −1 of data and foresees a reduction of both systematic and theoretical errors by another factor of two, leading to uncertainties of ±1.5% and ±2.5%, respectively. We stress that this last scenario is illustrative of the reach that can be achieved with improved theory uncertainties. The corresponding fit results are presented on the right-hand side in Figure 1 . The unshaded contours refer to the LHC Run II scenario with the dot-dashed (dotted) lines corresponding to ∆χ 2 = 2.3 (5.99). Analogously, the shaded contours with the solid (dashed) lines refer to the HL-LHC. By profiling over κ b , one finds in the LHC Run II scenario the following 95% CL bound on the y c modifications 16
while the corresponding HL-LHC bound reads 16
As is evident from Table 1 , these limits compare well not only with the projected reach of other proposed strategies but also have the nice feature that they are controlled by the systematic uncertainties that can be reached in the future. This is not the case for extractions of y c using the h → J/ψγ, h → ccγ, pp → V cc and pp → hc channels, which are either limited by small signal-to-background ratios or by the charm-bottom discrimination of heavy-flavour tagging.
Trilinear Higgs coupling
After electroweak (EW) symmetry breaking the self-interactions of the Higgs field h in the SM can be parameterised by
One way to experimentally constrain the coefficients λ and χ consists in measuring double-Higgs and triple-Higgs production. Since the cross section for pp → 3h production is of O(0.1 fb) at √ s = 14 TeV even the HL-LHC will only allow to set very loose bounds on the Higgs quartic.
The prospects to observe double-Higgs production at the HL-LHC is considerably better because the pp → hh cross section amounts to O(33 fb) at the same centre-of-mass energy. Measuring double-Higgs production at the HL-LHC however still remains challenging and as a result even with the full data set of 3 ab −1 only an O(1) determination of the trilinear Higgs coupling λ seems possible under optimistic assumptions.
The coefficient λ is however also subject to indirect constraints from processes such as singleHiggs production 36, 37, 38, 39 or EW precision observables 40,41 since a modified h 3 coupling alters these observables at the loop level. In order to describe modifications of the trilinear Higgs coupling in a model-independent fashion, one can employ the SM effective field theory and add dimension-six operators to the SM Lagrangian density
where v 246 GeV denotes the Higgs VEV. Under the assumption that the operator O 6 represents the only relevant modification of the Higgs self-interactions at tree level, instead of the result (6) one then finds
These relations allow one to parameterise a modified trilinear Higgs coupling via the Wilson coefficientc 6 = κ λ − 1 or equivalent κ λ . Other operators such as
also change the h 3 coupling at tree level, but will not be discussed in what follows. The operator O 6 introduced in (7) modifies vector boson fusion (VBF), associated V h 38,39 as well as tth production 38 at the one-loop level, while it enters the gluon-fusion channel at two loops. 37, 38 Higgs decays to fermions, W and Z pairs are altered at one loop, 38,39 while modifications of the digluon and diphoton rates are again a two-loop effect. 37, 38 All production and decay channels receive two types of contributions: firstly, a process dependent one, which is linear inc 6 and secondly, a universal one associated to the Higgs wave function renormalisation, which contains a piece quadratic inc 6 . In order to give an impression of the complexity of the corresponding perturbative calculations, let us quote an explicit expression for the nonuniversal part of the two-loop gg → h form factor. Performing an asymptotic expansion in the ratio r = m 2 h /m 2 t , one finds that the sought contribution is proportional to 42 ln r + 
where the terms up to order r 3 have already been given before, 38 while the r 4 and r 5 terms are presented here for the first time. So how do the direct and indirect limits on κ λ compare after LHC Run I, if only the trilinear Higgs coupling is allowed to deviate from the SM? Performing a χ 2 fit with ∆χ 2 = 3.84 corresponding to a 95% CL for a Gaussian distribution, one obtains from double-Higgs production 37
while the combination of the LHC Run I single-Higgs data 1 leads to
The quoted limit from pp → h compares well with other existing single-Higgs extractions 37, 38, 39 and is slightly more stringent than (10) as well as the bound that can be derived from EW precision observables. 40, 41 It has been derived by combining the results for LO gluon-fusion 38, 42 and NNLO VBF and V h production 39 with that of LO tth production. 38 The results (10) and (11) indicate that to exploit the full LHC potential all available informations on the h 3 term should be combined. Most of the existing studies of indirect constraints on the trilinear Higgs coupling are based on the simplified assumption that only the h 3 vertex is modified while all other Higgs interactions remain SM-like. Recently 43 this assumption has been dropped and ten parameter fits allowing for modifications κ λ have been performed. In this way it has been shown that standard global Higgs analyses suffer from degeneracies that prevent one from extracting robust bounds on each individual coupling (or Wilson coefficient) once large non-standard h 3 interactions are considered. The inclusion of pp → hh production as well as the use of differential measurements in the associated single-Higgs production channels V h and tth, can however help to overcome the limitations of a global Higgs-coupling fit. Including differential information on both single-Higgs and double-Higgs production, one finds from the ten parameter fit the following 95% CL limit 43
(pp → h and pp → hh differential at HL-LHC) ,
assuming an integrated luminosity of 3 ab −1 . To which extent the result (12) represents the ultimate limit on κ λ that can be obtained at the HL-LHC requires further study, in particular a detailed assessment of the experimental uncertainties entering the global χ 2 analysis.
In order to further illustrate the importance to measure differential Higgs distributions and to include them into global analyses of Higgs couplings, we consider besides (7) the following three dimension-six operators
which unlike O 6 modify the V V h vertex at tree level. In (13) On the left in Figure 2 , we show the p T,h distribution in W h production at √ s = 13 TeV normalised to the SM prediction for three different sets of Wilson coefficients. 44 In the case of c HW = 0.03 (blue), one observes a sizeable enhancement in the tail of the p T,h spectrum that amounts to around 50% at p T,h 150 GeV, while for the choicec HW = −c W = 2c B = 0.03 (orange) the event rate is reduced by about −15% with respect to the SM, almost independently of the precise p T,h value. The qualitative different behaviour of the two p T,h distributions can be understood by noticing that the leading p 2 T,h dependence of dσ/dp T,h is proportional to the combinationc HW +c W of Wilson coefficients which is non-zero for the former but zero for the latter choice. In the case ofc 6 = 10 (red), one finally sees that the deviations in the p T,h spectrum change approximately linearly with p T,h and reach roughly −10% at p T,h 150 GeV.
The observed shape differences can be used to better constrain the above benchmark cases compared to a fit that employs the information on the corresponding inclusive measurement only. This feature is illustrated in the right panel of Figure 2 , which displays the 95% CL regions in thec 6 -c HW plane that follow from a hypothetical HL-LHC measurement of the total cross section (red) and the p T,h spectrum (blue) in the W h channel. 44 From the plot it is evident that the fit to the inclusive measurement has a flat direction that allows for large correlated effects inc 6 andc HW , while this degeneracy is resolved by the shape-fit to the p T,h distribution. This simple example illustrates nicely that differential Higgs measurements can give important additional informations compared to standard Higgs-coupling fits.
Final words
The overarching goal of this presentation was to emphasise that LHC precision measurements of rates and distributions in single-Higgs production can help to better constrain some of the Higgs interactions that are crudely known at present. The two examples that we have discussed in some detail were the charm Yukawa and the Higgs trilinear coupling. In both cases it is important to stress that to fully exploit the physics potential of the LHC one should try to combine all known search strategies. For the charm Yukawa coupling these are h → J/ψγ, h → ccγ, pp → V cc, pp → hc as well as single-Higgs distributions, while for what concerns the trilinear Higgs coupling a combination of the constraints arising from pp → hh, pp → h and the EW precision measurements seems essential. The importance of measurements of distributions in gluon-fusion Higgs, V h, VBF and tth production cannot be overemphasised in this context, since differential information has been shown to greatly enhance the sensitivity to the structure of the underlying theory. Such measurements should therefore be pursued with vigour by both the ATLAS and CMS collaborations in the future LHC runs.
